Genome rearrangement is one of the major forces driving the processes of the evolution and disease development. The chromosomal position affected by these rearrangements are called breakpoints. The breakpoints occurring during the evolution of species are known to be non randomly distributed. Detecting their landscape and mapping them to genomic features constitute an important features in both comparative and functional genomics. Several studies have attempted to provide such mapping based on pairwise comparison of genes as conservation anchors. With the availability of more accurate multi-way alignments, we design an approach to identify synteny blocks and evolutionary breakpoints based on UCSC 45-way conservation sequence alignments with 12 selected species. The multi-way designed approach with the mild flexibility of presence of selected species, helped to have a better determination of human lineage-specific evolutionary breakpoints. We identified 261,391 human lineage-specific evolutionary breakpoints across the genome and 2,564 dense regions enriched with biological processes involved in adaptive traits such as response to DNA damage stimulus, cellular response to stress and metabolic process. Moreover, we found 230 regions refractory to evolutionary breakpoints that carry genes associated with crucial developmental process such as organ morphogenesis, skeletal system development, chordate embryonic development, nerve development and regulation of biological process. This initial map of the human genome will help to gain better insight into several studies including developmental studies and cancer rearrangement processes.
Hence, we based the main goal of this article to reveal the position of susceptible human 22 genomic regions to large (over a certain size) rearrangements specific to human lineage. 23 To identify the genomic regions subjected to rearrangements, first comes the 24 identification of regions that have maintained their position, order and orientation 25 (synteny blocks) as they should be conserved since a common ancestor and present in 26 (relatively close) contemporary genomes. At that point, regions bordered by synteny 27 blocks could be identified as genomic regions that have been subjected to 28 rearrangements (breakpoint regions (BPRs) or breakpoints for short). However, the 29 identification of synteny blocks are difficult and controversial due to several assumptions 30 [16] . Selected species, type of comparison (pair-wise or multi-way), choice of conserved 31 markers (anchors), minimum accepted gap between consecutive anchors and minimum 32 anchor size, could all affect the position and size of synteny blocks therefore, the size 33 and the position of the breakpoint regions [16, 33] . To identify human-lineage-specific 34 synteny breaks, we developed a pipeline to extract synteny blocks based on the protocol 35 of GRIMM-synteny [30] . However, to lower the bias caused by pair-wise comparison and 36 genes as conservation anchor, we adjusted their method and applied it on a multi-way 37 comparison of conserved genomic segments among a subset of selected species. Moreover, 38 by using a human oriented multiple sequence alignments and having at least two species 39 selected, per 4 major subset of mammalian phylogeny tree, we could eliminate the 40 synteny breaks specific to non-human lineages within the mammalian reference tree. 41 Furthermore, using a permutation test, we Identified the hotspots of breakpoints and 42 identified their associations with 20 known structural and functional annotations. 43 2 Results 44 2.1 Identification of human lineage-specific breakpoint regions 45 In this study we aimed to identify the genomic regions maintained their synteny in the 46 trajectory towards the evolution of the human genome along with their intermediary 47 regions where rearrangements dynamically broke the synteny and drove the divergence 48 and spoliation of the human species. Thus, to identify the synteny blocks, we applied 49 our synteny block extraction method (4.2) to multiple conservation alignments blocks 50 (multiz46way) of 45 vertebrates [12] , given twelve selected species S3 and their 51 phylogenetic tree. The procedure selects 21,809,215 blocks conserved among at least 52 seven selected species. Each two neighboring anchors then were compared with respect 53 to each species to identify the list of species with any synteny discontinuity 54 (chromosome, orientation or distance> δ). In case of no discontinuity or discontinuity 55 that have not been originated from any human ancestry nodes, the two neighboring 56 anchors were fused together to form a cluster. The resultet 346,151 clusters then filtered 57 by size (< 1Kbp) as the final step of synteny extraction. As a result 261,420 synteny 58 blocks were identified on the human genome. These blocks cover 52% of the genome 59 with a size distribution of 1 to 200 Kbp (µ : 6220.62, σ : 6958.4, M d : 3936). As 60 explained before, a breakpoint is region between two successive synteny blocks.
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Therefore, all regions separating synteny blocks were considered as synteny breaks or 62 breakpoint. It should be noted that these regions were passed through a filtering step 63 2/22 and regions with size greater than 2 Mb were excluded from these regions. This 64 constraint is necessary to avoid ambiguous regions that could not be assigned with high 65 confidence to BPRs (e.g. sequences of heterochromatin). In the filtration step, the 66 eliminated regions were mostly located on centromeric or telomeric regions and the rest 67 were located on chromosome Y. The remaining 261,391 regions were identified as human 68 lineage-specific breakpoints or BPRs. These BPRs cover 39.58% of the human genome. 69 However, the coverage of these BPRs raise to over 40% in chr11, chr12, chr8, chr4 and 70 chr7 and to over 55% in chr19 and chrX. See supplementary figure ??. The size of these 71 regions were from 1 bp to 1.857 Mbp. The seven largest BPRs (size > 1 Mbp) were 72 located on chr14, chrY, chr11, chrX, chr2 and chr7. Based on a Least Common 73 Ancestor approach, over 50% of these BPRs were reused and originated from separation 74 of placental mammals. The next most representative ancestry node was the 75 Boreotherian ancestor as the origin of 20% of BPRs. The distribution of BPRs ancestry 76 origins is presented in the supplementary figure S2. with an average of 14.85 ± 1.56 (except for chromosome Y). BHRs located on 86 chromosome Y harbor 3 to 14 breakpoints in each window. The BHRs distribution with 87 respect to chromosomes shows that chromosomes are heterogeneously affected by these 88 hotspots and the hotspot coverage varies from 3% to 23% among the chromosomes. The 89 highest presence of hotspots were belong to chr19, chr15, chr21 and chr22 with a 90 coverage over 18%. We found that less than one percent of genomic regions of 100 Kbp (230 regions) have a 93 complete absence of breakpoints. It should be noted that more than 1400 windows with 94 zero breakpoint have been eliminated as they were located on heterochromatin regions. 95 These regions that are mostly continuous, located in 50 genomic locations on all 96 chromosomes. We called these regions breakpoint deserts or breakpoint refractory 97 regions (BRRs). The distribution of these regions are also varies among chromosomes.
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The 5 largest consecutive breakpoint deserts (from 1.7 Mbp to 2.8 Mbp) are located on 99 chrY and chr19. See figure 1 . It should be noted that more than half of these refractory 100 regions (120 windows) do not overlap with any annotated genes. However, the 101 remaining regions carry genes with high selection pressure conserved among primates, 102 mammals or vertebrates. For instance, thirteen members of Hox-cluster genes that 103 encode conserved transcription factors in most bilateral species [27] and 33 members of 104 zinc finger genes located along almost complete chromosome band 19p12 (4.4 Mbp with 105 one single breakpoint). These genes are known to be arisen in early primate evolution 106 about 50 million years ago [1, 9] . The remaining genes presented in these breakpoint 107 deserts were also conserved among mammals or vertebrates and any mutation in these 108 genes could cause major developemental or reproduction effect on individuals. BCL11A, 109 that mutation in this gene is known to be associated with intellectual developmental 110 disorder with persistence of fetal hemoglobin (IDPFH) [26] , SRY (sex-determining 111 region Y), known to be associated with 46,XX testicular disorder of sex development 112 
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and Swyer syndrome [26] , FOXP1, known to be associated with Mental retardation 113 with language impairment and autistic features (MRLIAF) [26] , TCF4 known to be 114 associated with Pitt-Hopkins syndrome is a condition characterized by intellectual 115 disability and developmental delay, breathing problems, recurrent seizures (epilepsy), 116 and distinctive facial features [26] , are some examples of these genes and their 117 importance in terms of survival and reproduction. whereas for the class EBR Self chain has almost no effect (coefficient around zero) and 157 high negative value for the class Other (non-BRR and non-BHR regions). G-quadruplex, 158 genes, exons, benign structural variations, Common Fragile Sites, Synteny blocks, Supplementary Table S7 164 5/22 3 Discussion
165
An evolutionary breakpoint region is a region that have been subjected to one or more 166 rearrangement incident in the course of the evolution. Hence, to detect the position of 167 such regions, first comes the identification of those regions that left intact since they are 168 detectable as conserved regions among a group of relatively closed species (synteny 169 blocks). Consequently, regions bounded by these conserved regions, are those that 170 underwent a rearrangement incident also called breakpoint regions. 171 
Evaluation of synteny identification 172
We conducted a multi-way comparative analysis of 12 genomes and identified synteny 173 blocks and their corresponding 261,391 breakpoints (BPRs) on the human genome.
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Using a permutation approach, 2,564 regions of 100 Kbp were identified as breakpoint 175 hotspot regions (BHRs). One of the basics of comparative genomics is the identification 176 of synteny. However, there is no precise definition of synteny. Species selection, their 177 evolutionary distances, pairwise or multi-way comparison, size of the anchors could all 178 have huge impacts on the resulting synteny blocks (Reviewed by [16] ). In this study 12 179 species were selected with the human as the reference species from different principal 180 branches of species tree. We selected species according to their evolutionary distance out-group allows a higher resolution. However, it yields to shorter size of synteny blocks 184 compared to previous studies. From multi-way alignment blocks, blocks shared by at 185 least 7 selected species were accepted as conservation anchors. This looseness lowers the 186 dependency of this method to the precise species list and could lower the bias of species 187 selection and missing data. Also, the fact that about 80% of our BPRs have a Least 188 Common Ancestor originated from the primate node to farther up on the reference tree, 189 shows that these breakpoints are reuse and a careful replacement of some selected Regions (CARs) that reconstructed by [21] , showed that 98.4% of identified synteny 193 blocks overlaps with 59.98% CARs. Considering the estimation of [21] closest to the real 194 ancestral genomic regions, the presence of synteny blocks in conserved ancestral regions 195 is not far from the presence of these synteny regions in the human contemporary breakpoints produced in the study of [20] showed that BPRs were similar to what [20] 200 identified as BPRs. It should be noted that, in this study pairwise comparison of 201 orthologous genes based on five other mammals (with 4 that were common with species 202 in this study) were used to identify synteny and their BPRs have similar size distribution 203 of BPRs produced in our study. Other than the choice of the species, the use of genes as 204 conservation anchors limited their study to only the coding regions. However, still 3% of 205 BPRs produced in this study overlaps with 69.8% of their breakpoint regions. EBRRs. All the genes in these regions are conserved among mammals and vertebrates. 216 SRY initiates male sex determination. Mutation in this gene is known to be associated 217 with 46,XY complete gonadal dysgenesis or 46,XY pure gonadal dysgenesis or Swyer 218 syndrome [26] . Translocation of part of the Y chromosome containing this gene to the X 219 chromosome causes XX male syndrome [15] . The homeobox genes encode a highly 220 conserved family of transcription factors that play an important role in morphogenesis 221 in all multicellular organisms [15] . HOXB genes are known to encode conserved 222 transcription factors in most bilateral species [27] . FOXB1 belongs to subfamily P of gene cluster is known to be highly conserved in primate [1, 9] . This region is presented 229 in figure 1 . These results are in harmony with previous study indicating that refractory 230 regions are strongly enriched for genes involved in (embryonic) development [3, 11, 24] 231 and any disruption in these regions should have detrimental effect [34] . Whereas,
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regions with high tendency of rearrangements are more involved in adaptive process 233 7/22 such as metabolic process, DNA repair and response to stress [24] .
234
In conclusion the identified BHRs provides a better insight on the nature of genome 235 by emphasizing on the difference of the functions that breakpoint hotspots and 236 breakpoint refractory regions harbor. It points out the dynamic process of evolution, 237 adaptation and natural selection in interaction with the selective pressures of several 238 genomic regions that maintain the integrity functions crucial for the survival of the 239 species. The BHRs and BBRs reported in this paper will constitute a good asset for 240 further studies including the affinity of some genomic regions to rearrangement 241 associated to diseases known to be driven by genome rearrangements such as cancers. genome. The multiple sequence alignments used in this study were generated 248 using multiz and other tools in the UCSC/Penn State Bioinformatics comparative 249 genomics alignment pipeline. Conserved elements are identified by phastCons [17] . 250
• Synetnic block: A syntenic block is defined as a large region of the genome that 251 corresponds to a collection of contiguous blocks that maintained their positions 252 and orders among a group of species since a common ancestor.
253
• Synteny break : Given two consecutive conserved synteny blocks, any 254 discontinuity (as in distance, chromosome or orientation) between two sequences 255 of one or more compared species that originated from any ancestry node of the 256 reference genome (by Lowest Common Ancestor (LCA) approach) is considered a 257 synteny breaks.
258
• Breakpoint region or simply breakpoint: genomic regions that is bounded 259 by two neighboring syntenic blocks on the reference genome. In order to identify the position of synteny breakpoints first comes the identification of 262 synteny blocks as these regions maintained their location among a group of relatively 263 close contemporary species since a common ancestor. To perform a comparative 264 analysis on the human genome, the most appropriate candidate species to capture more 265 evolutionary patterns and lower the bias produced by missing information, assembly 266 errors and alignment errors in the analysis are of two kinds : 1) extremely close species 267 that share common features, and 2) more or less distant species that could have a broad 268 divergence with the reference species (human). Also, to enhance the prediction of 269 breakpoint origin and be able to identify breakpoints that are not specific to human 270 lineage, it is important to have at least two species present in each major clades of the 271 reference species tree. Hence, to conduct our comparative analysis three well-studied 272 primates have been chosen, chimpanzee, orangutan and marmoset for the first group 273 and as for the second group, two well-sequenced and well-studied species from three 274 major branches of mammalian phylogenetic tree were selected as follows: rat and mouse 275 from Supraprimates, dog and cow from Laurasiatheria as well as elephant and armadillo 276 as non-Boreotherian mammals. We also added two outliers, one non placental mammal, 277 opossum and one non mammalian vertebrate, chicken. 278 
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Considering that we are looking for the conserved elements on the human genome to 279 construct our synteny we decided to use multiple sequence alignments of conserved 
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For each two continuous anchors (with respect to the reference genome), species with 309 any discontinuity (chromosome, orientation and distance) were identified. If the lowest 310 common ancestor of species with discontinuity is an element of human ancestry nodes of 311 the reference species tree, the two blocks would be considered as discontinuous and the 312 algorithm will continue to compare the next couple in the line. Otherwise, the two 313 blocks will be fused together to be compared with the next block. In each iteration, the 314 list of species with discontinuity and their LCA will be documented. The results of this 315 step is a list of larger conservation clusters that will go through a size filter (minimum 316 size of 1000 bp). The clusters passed through the filter are the resulting synteny blocks. 317 These steps are well illustrated in figure ? ?. As previously noted, a breakpoint region is 318 a region bounded by two consecutive synteny blocks. However, these regions passed 319 through a size filtering step and only regions with a size smaller than 2 Mbp are 320 considered as reference species lineage-specific breakpoints, synteny breaks, evolutionary 321 Figure 3 . Extraction of synteny blocks and their corresponding breaks: In this illustration of a multi-way alignment blocks with respect to a reference species (S R ). S a to S f are the selected species present in the alignment blocks. The reference tree show the phylogenetic relationship of these species. A 1 to A 5 are the S R ancestry nodes. Each arrow represents a conserved region on each genome. Directions in each arrow represent the orientation of that region in each species. The distance between each two vertical lines represents 1 Kbp. Each X shows the start of a chromosome. The Break 1 is the result of the distance between B3 and B4 on S c and change of chromosome in S e and S f . The lowest common ancestor of these species is A 5 which is an ancestor of S R . However, the second break in comparison between B4 and B5 caused by orientation change in S c and S d and their common ancestor is somewhere after separation of their clade. Hence, this break is not going to be counted as a break specific to the S R lineage and B4 and B5 will be fused together. breakpoints or breakpoint regions (BPRs). The size constraint is necessary to avoid 322 ambiguous regions that could not be associated correctly to breakpoints (e.g. sequences 323 of heterochromatin). The origin of each BPR is the lowest common ancestor of species 324 with discontinuity comparing the two bounded synteny blocks in the synteny 325 identification step. 326 
Prediction of breakpoint-hotspots 327
To identify the genomic regions that are significantly enriched in breakpoint or 328 breakpoint hotspot regions, we followed the permutation strategies suggested by De et 329 al. 2013 [7] . Genome was scanned with a non-overlapping sliding window of size 100 Kb 330 and the number of breakpoints for each window was counted. Breakpoints were 331 considered to fall into a window if they have at least one position overlapping that 332 window. For 100,000 iterations, each BPR in is simulated based on the following 333 constraints:
334
• Breakpoint should be simulated within the original chromosome.
335
• Simulated breakpoint should not fall into centromeric or telomeric regions.
336
• Breakpoint should be simulated with respect to its size.
337
• Overlaps would be allowed to lower the calculation costs. 
